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The  nucleotide  sequence  of  the 1.86-kilobase EcoRI 
fragment  from Vibrio  harveyi that was cloned  using  a 
mixed-sequence synthetic oligonucleotide probe  (Cohn, 
D. H., Ogden, R. C., Abelson, J. N., Baldwin, T. O., 
Nealson, K. H., Simon, M. I . ,  and  Mileham,  A. J. (1983) 
Proc. Natl. Acad.  Sei. U. S. A. 80, 120-123) has  been 
determined.  The a subunit-coding  region (luxA) was 
found to begin at base number 707 and end at base 
number 177  1. The a subunit has a  calculated  molecular 
weight  of 40,108 and  comprises  a  total  of 355 amino 
acid  residues.  There are 34 base  pairs  separating  the 
start of the a subunit  structural  gene  and a 669-base 
open  reading  frame  extending  from  the  proximal 
EcoRI site. At the 3’ end of the luxA coding region 
there  are 26 bases  between  the  end  of  the  structural 
gene  and  the start of  the luxB structural  gene.  Approx- 
imately two-thirds of  the a subunit was sequenced  by 
protein  chemical  techniques.  The  amino  acid  sequence 
implied by the DNA sequence, with few exceptions, 
confirmed the chemically determined sequence. Re- 
gions of  the a subunit  thought to comprise  the active 
center were found  to  reside  in two discrete  and  rela- 
tively basic regions, one from around residues 100- 
115 and  the  second  from  around  residues 280-295. 
Bacterial luciferase catalyzes the light-emitting reaction in 
luminous bacteria. Its synthesis is regulated by a complex 
control mechanism that has been termed autoinduction (1, 
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2), and in fully induced cells luciferase comprises up to 5% of 
the soluble protein (3). The enzyme is a heterodimer and 
catalyzes the following reaction. 
FMNHz + RCHO + 02 + FMN + RCOOH + Hz0 + light 
The subunits of the enzyme  from Vibrio harueyi have molec- 
ular weights determined by SDS-polyacrylamide gel electro- 
phoresis of 42,000 and 37,000 for a and #?, respectively (4). 
Mutant enzyme analyses and chemical modification studies 
indicate that  the single active center resides primarily if not 
exclusively on the a subunit (5) .  The specific role of the 0 
subunit is unknown, but it is absolutely required for biolu- 
minescence activity. 
Recently, the luciferase genes from V.  hurveyi were isolated 
(6-8) and shown to be  closely linked on  the bacterial chro- 
mosome. luxA encodes the a subunit  and luxB encodes the fl  
subunit. Partial sequence information at  the nucleotide (7) 
and amino acid (9) levels suggests that  the genes arose by 
tandem duplication of an ancestral gene. 
Partial amino acid sequence information from regions 
thought to be associated with the active center has been 
obtained during the  past few years (IO), but  determination of 
the entire sequence of the subunits  has been hampered by the 
poor solubility of the proteolytic and chemically derived frag- 
ments. In order to determine the encoded sequence of the a 
subunit  and to better  understand the structure  and regulation 
of the lux  region of the V. hurveyi chromosome, we have 
determined the nucleotide sequence of the -1.85-kb EcoRI 
fragment known to contain the entire luxA gene and  part of 
the luxB gene. We report here the complete nucleotide se- 
quence of the luxA gene and compare it with amino acid 
sequences obtained from analysis of peptide fragments com- 
prising approximately two-thirds of the a subunit. 
MATERIALS  AND  METHODS 
Subcloning and DNA  Sequencing-As the restriction map of the 
1.85-kb EcoRI fragment was relatively well characterized, subcloning 
was done by purifying fragments from the recombinant plasmid 
pAGlOl(7)  and ligating them  into the appropriate vector. During the 
course of the sequencing, additional restriction sites were identified, 
and these were then used to construct additional subclones. Subclones 
were constructed in the bacteriophage M13 derivatives mp7 and mp8 
(11). DNA sequencing was by the chain-termination method (12). 
Protein Sequencing-The procedures used to grow V. harveyi, 
purify luciferase, and separate the cx and 6 subunits have been 
‘The abbreviations used are: SDS, sodium dodecyl sulfate; kb, 
kilobase; PTH, phenylthiohydantoin; DNS, 5-dimethylaminona- 
phthalene-l-sulfonyl. 
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6140 Luciferase CY Subunit Sequence 
published (13-15). Starting with 600 g of frozen cell paste, 1050 mg 
of luciferase was purified, and from this enzyme, 438  mg  of a subunit 
was isolated. The a subunit was judged to be greater than 95% pure 
based on Coomassie Blue staining of SDS-polyacrylamide gels (16). 
Prior to digestion, the a subunit was alkylated by reaction with 
iodoacetate (17). The carboxymethylated subunit was digested with 
Staphylococcus aureus strain V8 protease (Miles) in ammonium bi- 
carbonate, pH 7.8, 1 mM EDTA, at a substrate to enzyme ratio of 
25:l (w/w) for 16 h at room temperature.  These conditions have been 
reported to yield cleavage at  glutamyl residues only (18). Peptides 
were resolved by chromatography on columns of the cation exchange 
resins Aminex  A-4 (Bio-Rad) and PA-35 (Beckman) using gradients 
of pyridine-acetate by methods that have been described (17,19). 
High voltage electrophoresis on  paper was used extensively both 
to analyze fractions for purity and  to purify contaminated peptides 
by published procedures (17,19).  Purity of peptides was also assessed 
on the basis of amino acid composition. Amino acid compositions of 
analyzer following  24-h hydrolysis at 110 "C with 6 M HCl. 
samples were determined with a Beckman model 121 amino acid 
Edman degradation was performed manually as previously de- 
scribed (17,19). Aliquots were  removed after each cycle  of degradation 
and dansylated, and DNS derivatives, released by acid hydrolysis, 
were identified by thin layer chromatography (20). Automated Edman 
degradation was performed with a Beckman Sequencer model  890C 
as described previously (9, 17, 19). PTH derivatives were determined 
by thin layer chromatography using a total of three solvent systems 
(9, 17, 19). The multiple determinations were considered necessary 
due to  the lack of quantitative data from the chromatograms. Only 
residues identified by all three  systems were considered to be accurate 
and  are presented here. 
RESULTS 
DNA Sequencing 
The clones used for sequencing are listed in Table I; the 
direction and  extent of sequence derived from each clone are 
shown in Fig. 1. The nucleotide sequence of the 1.85-kb EcoRI 
fragment is shown in Fig. 2. The sequence of about 75% of 
the fragment was determined from both  strands (see Fig. l), 
and in regions where information from only one strand is 
TABLE I 
Details of the cloning strategy used to determine the sequence of the 
1.85-kb EcoRI fragment 
Sequence designation" Fragment  cloned Position Of first baseb Vector 
1' 1.8-kb EcoRI-EcoRI 1 mp7 
2 1.6-kb HindIII-EcoRI 266 mp8 
3 1.3-kb SU~I-ECORI 572 mp8 
4 0.2-kb Ald-AluI 749 mp8 
5 
6 
0.9-kb PstI(partia1)-EcoRI 929 mp8 
0.4-kb  RsuI-RSUI 1061 mp8 
7 0.6-kb Ps~I-EcoRI 1259 mp8 
8d 0.3-kb NruI-NruI 1341 mp8 
9 0.2-kb NruI-EcoRI 1632 mp8 
10' 1.8-kb EcoRI-EcoRI 1838 mp7 
1 Id 0.3-kb NruI-NruI 1632 mp8 
12 0.08-kb SCIU~A-SUU~A 1403 mp8 
13 0.7-kb NruI-NruI 1341 mp8 
14' 1.8-kb EcoRI-EcoRI 1092  mp7 
15 0.9-kb PstI-EcoRI 929 mp8 
16 0.3-kb NruI-NruI 611 mp8 
17 0.3-kb NruI-EcoRI 291 mp8 
18 0.1-kb SUU~A-ECORI 130 mp8 
Designations pertain to Fig. 1. 
* Position  in the 1.85-kb fragment of the first base of the fragment 
that was being sequenced. 
Sequences 1 and 10 resulted from isolation of both  orientations 
of the 1.85-kb EcoRI fragment in mp7  (see  Ref. 7). 
Sequences 8 and 11 resulted from isolation of both  orientations 
of the -0.3-kb NruI fragment in mp8. 
'This sequence was determined by priming the same template 
DNA as was used in sequence 10 with the mixed-sequence synthetic 
oligonucleotide that was used to isolate the original clone (7). 
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FIG. 1. Sequencing strategy for the 1.86-kb EcoRI frag- 
ment. The clones were constructed using the indicated restriction 
sites (see also Table I). Arrows indicate the direction and extent of 
sequence derived from each clone. 
presented it is from areas of the sequencing gels  where the 
nucleotide assignment is unambiguous and/or regions for 
which protein sequence was available. Shown below the DNA 
sequence is the implied protein sequence. 
Peptide Sequencing 
After digestion with S. aureus protease, 33 a subunit pep- 
tides were isolated in sufficient yield and  purity for sequence 
analysis. The amino acid compositions of these peptides are 
presented in Table 11. While knowledge of the sequences of 
these peptides alone was not sufficient to deduce the sequence 
of the a subunit, the  data were  highly useful in checking the 
nucleotide sequence and ascertaining frameshift errors in 
reading the DNA-sequencing gels. The locations of most of 
the peptides presented in  Table I1 are indicated in Fig. 2. 
Determination of the Sequence of the a Subunit 
The entire sequence of the a subunit was determined from 
the sequence of the LuxA gene.  We had also determined the 
sequence of numerous peptides derived from the protein, and 
knowledge of the sequences of those peptides was  very helpful 
in confirming the DNA sequence. A detailed interpretation of 
the sequence follows. 
Residues 1-26-The amino acid sequence of residues 1-26 
was determined using a Beckman Sequencer, and the se- 
quence has been published (9). Residue 13 was not determined 
in the earlier work, and the DNA sequence reported here 
allows us to assign Pro  to  that position (see Table  I  and Fig. 
1, clone 3). This assignment is consistent with the sequence 
of the peptide SAP 2. Residue 17 was reported to be Glu (9), 
but the DNA sequence indicated Gln. It is likely that  the 
DNA sequence is correct, and  the error was  due to  the well- 
known deamidation of Gln. The peptide SAP 1 was placed at 
residues 1-4 based on sequence identity. The DNA sequence 
in this region (residues 707-784) was determined from both 
strands using clones 3,4,  and 15. 
It was of interest that while the S. aureus V8 protease, 
under the conditions of the digestion, has been reported to be 
specific for bonds on the carboxyl side of Glu residues (18), 
we observed cleavages at reasonably high yield at other resi- 
dues, most notably Gly. SAP 1 resulted from cleavage of a 
glycyl-asparagine bond, and  SAP 2 resulted from  cleavage of 
a  threonyl-tyrosine bond, as well as  a glutamyl-leucine bond. 
The cleavages observed and reported here indicate a  prefer- 
ence, but hardly a specificity, for  Glu. 
Residues 27-1  17-The  DNA sequence through this region 
(residues 785-1063) was determined from both strands (see 
Fig. l ) ,  and  the encoded amino acid sequence was confirmed 
by peptides SAP  3 through SAP 14. The corresponding region 
in the DNA sequence was residues 785-1063; the sequence 
was determined using clones 3, 4, 5,  and 15 and by using the 
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Luciferase (Y Subunit Sequence 6141 
* + * * * + * 
GAA TTC ACC ATG  ACG Affi  GGC AAA AAT  AGT TTG TGC ACT GTT TAT CAC TGG CTG C f f i  ACC AAG GGC ACA C M  AAC ATT GGC TTC ATT COG GCA AGT CTC  TCA GCT OGT GTC GCC 
g lu  phe t h r  e t  t h r  t h r  g l y  l y s  asn s e r  l e u  c y s  t h r  v a l  t y r  his t r p  l e u  g l n  t h r  l y s  g l y  t h r  g l n  a s n  i l e  g l y  l e u  i l e  a l a  a l a  ser leu ser a l a  arg Val a l a  
loo* 
* * * 2001 
TAT GAA GTT ATC TCT GAT CTG GAG CTG TCT T T T  CTG ATT ACT GCG GTT GGT GTG GTG M C  l T G  CGT GAC ACA CTA G A A  M A  GCG CTT GGT l T T  GAT TAC CTC ff iT TIC CCT ATC 
cyr  glu Val ile ser  asp  leu  g lu  leu  ser phe l eu  i le  t h r  a l a  Val g ly  Val Val a sn  l eu  a rg  a sp  Chr l e u  g l u  l y a  a l a  l e u  g l y  phc asp tyr l e u  ser l e u  p r o  i l e  
* 300* 
CAT GAG CTA CCA AAC GAT C l T  GAT TTT GM GGT CAT AAG CTT GGT TCT GAA GTG TTC GTT CGC  GAC TGC  TTC G f f i  CAT CAC TGG GAT ACC TTA GAT TCT ACT CTC GAC A M  GTA 
asp glu leu pro asn asp  leu  asp  phe  g lu  g ly  h is  lys  leu  g ly  ser  g lu  Val  phe  Val arg asp cys phe g l u  h i s  h i s  t r p  a s p  t h r  l e u  a s p  ser th r  l eu  a sp  ly s  Val 
GCC AAT ACC TCG GTT CCT l T A  ATC GCC l T T  ACC GCT AAC M C  GAT GAT ' K C  GTT M G  CAA GAA GAA GTC  TAT GAC ATG l T A  GCG CAT ATC OGC ACT GCG CAT TGC MG CTC TAC 
400' 
a l a  a s n  t h r  ser Val pro leu i le  a l a  phe Chr a la  asn  asn  asp  asp  t rp  ve l  lys  g ln  g lu  g lu  va l  ty r  asp  met l e u  a l a  h i s  i le  arg r h r  g l y  h i s  cy. l y s  l e u  tyr 
TCC TTG CTT GGT ACC TCT CAT GAC T I C  GGC GAA AAC TTG GTC GTG TTA CGT  AAT TTT TAC CAA TCC GTC ACC AAA GCC GCC ATC GCA ATG GAT GGA GGC AGE TTA G M  ATC CAC 
s e r  l e u  l e u  g l y  s e r  s e r  h i s  a s p  l e u  g l y  g l u  a s n  l e u  s a l  Val l eu  arg asn phe t y r  g l n  s e r  v a l  t h r  l y s  a l a  a l a  i l e  a l a  .et a s p  g l y  g l y  s e r  l e u  g l u  i l e  a s p  
t t * t 
* I, 500. 
* * * 600* * 
GTC GAC TTT ATC GAG CCT GAT TTT GAA CAA CTC ACC ATC GCG ACT GTG M T  G A A  OGT CGC mG AAA GCC GAA ATT GAA  GC  OGT A(% CCA GAA ATG GCT TAG GTCTTATCGTAATAC 
Val asp phe i l e  g lu  p ro  a sp  phe g l u  g l n  l e u  t h r  i l e  a l a  t h r  v a l  a s n  g l u  a r g  a r g  l e u  l y s  a l a  g l u  i le  g l u  s e r  a r g  t h r  p r o  g l u  met a l a  end 
7"n. I BOO* 
CAACUATAAGGAAATGTT ATG AAA TTT GGA  AC TTC CTT  CTC ACT TAT CPG CCA CCT GAG CTA TCT Cff i  ACC G M  GTG ATG A X  CGA TTG G T T  AAT CTG GGC MA GCG TCT GAA GGT 
met l y s  phe gly asn phe l e u  l e u  t h r  t y r  &&E pro && l e u   s e r  g l n  t h r  g l u  v a l  m e t  l y s  arg leu v a l  a m  l e u  g l y  l y s  a l a  ser glu gly 
I Y Y .  .~ ~ 
-
I.--- R h  -
SAP I S A P  2 
* 
TGT GGC TTC GAC ACC GTT TGG T T G  C I A  GAG CAC CAC TTC ACT GAA T T T  GGG TCG l T A  GGG M T  CCT  TAT  GTT  GCT 
cys gly phe asp thr  val  trp l e u  l e u  g l u  h i s  h i s  phe t h r  g l u  phe g ly  l eu  l eu  g ly  a sn  p ro  ty r  Val a l a  
"
SAP 4 SAP 5 
GGC ACT GCA GCT ATC GTA TTG COG ACT GCC CAT  COG G T T  CGA  CAA  GCA GAA GAC GTA AAC CTA CTG GAT C M   A X  
g l y  t h r  a l a  a l a  i l e  Val l e u  p r o  t h r  a l a  h i s  p r o  Val arg g l n  a l a  g l u  a s p  Val asn  leu  leu  asp  g ln  .et 
S A P  3 
GCC GCA CAC C T A  l T A  GGT GCG ACA GAA ACG CTC M C  CTT 
a l a  a l a  h i s  l e u  l e u  g l y  a l a  t h r  g l a  t h r  l e u  as0 Val 
900* 
I I- 
SAP 6 S A P  7 
1000* * * 
TCA AAA GGA CGA TTC OGT TlT GGT ATT TCl CGC GGT T T G  
s e r  l y s  g l y  a r g  phe arg phe g ly  i l e  cys  a rg  g ly  l eu  
. .  
S A P 8  h 9 
. .  
SAP 10 6 I 1  
. .  
S A P  12 
* 
TAC GAT AAA GAT T l T  CGT GTC TTT GGT ACA  GAC  ATG GAT AAC  AGC  GA GCC TTA ATG  AC TGT TGG TAT GAC Tn: ATG MA GAA GGC TTC AAT G M  GGC TAT  ATC COG Gffi GAT 
"---(I 
cyr  asp  lys  asp  phe a r g  Val phe & t h r  a s p  met a s p  a s n  s e r  a r g  a l a  l e u  met asp  cy8  t rp  tyr  asp  leu  met lys  && g l y  phe asn  g lu  gQ x i l e  a l a  a l a  a s p  
I loo* 
I "I 
S A P  13 6 14 S A P  I5 SAP 16 SAP 17 
* 
AAC GAA CAT ATT AAG TTC CCG AAA ATC CAA CTG AAT CCA TCG GCT  TAC ACA CAA GGT GGT  GCT E T  GTT  TAT  GTC  GTC GCG GAG TCA GCA TCA ACG ACA GAA ' K G  GCT GCA GAG 
1200* 
a s n  g l u  h i s  i l e  l y s  phe p ro  ly s  i l e  g ln  l eu  a sn  p ro  Se r  a l a  t y r  t h r  g ln  g ly  g ly  a l a  p ro  Val t y r  Val v a l  a l a  g l u  s e r  a l a  s e r  t h r  t h r  g l u  trp a l a  a l a  g lu  - -1a--"------pro"( 
S A P  1 8  
-
* I300* * S A P  19 
CGT GGC CTA CCA AX; ATT CTA AGC TGG ATC ATC AAC ACT CAC G f f i  AAG AAA GCG CAG CTT GAT CTT TAC AAC G M  GTC GCG ACT G M  CAT GGC TAC GAT Gn: ACT AM A T T  GAC 
a rg  g ly  l eu  p ro  e t  ile leu ser t r p  i l e  i l e  a s n  t h r  h i s  g l u  l y s  l y s  a l a  g l n  l e u  a s p  l e u  t y r  a s n  g l u  Val a l a  t h r  g l r  h i s  g l y  t y r  a s p  Val t h r  l y s  i l e  a s p  "-
* 1400* S A P  20 S A P  21 S A P  22 * * t 
CAC TGT T T G  TCT  TAC ATC ACC TCC  GTC GAT CAT GAC TCA AAT AGA GCC AAA GAT ATT TGC CGC M C  TTC l T G  GGC CAT TGG TAC GAC TCA  TAC  GTC AAT GCC ACC AAG ATT lTT 
h i s  c y s  l e u  s e r  t y r  i l e  t h r  s e r  Val a s p  h i s  a s p  s e r  a s n  a r g  a l a  l y s  a s p  ile cys  a rg  asn  phe l e u  g l g  h i s  trp t y r  a s p  s e r  tyr Val a s n  a l a  c h r  l y s  ile phe 
T I  "SAP 24 
GAC  GAC TCT GAC  AA  CA AAA GGT TAC GAC TTC M T  AAA  GGT C M  TGG  CGT GAT TTT GTG TTC AAA GGC CAC A M  GAC ACC AAT CGC CGA ATT GAT TAC AGC TAC G M  ATC AAC 
P
1500* 1600* 
a s p   a s p   s e r   a s p   g l n   t h r   l y s  elY t y r   a s p  phe a s n   l y s   e l y   g l n   t r p  are asp phe  Val l eu   l y s  & h i s  l y s  9 t h r  a sn   a rg  arg 9 ser tyr   g lu  i le  asn 
(- ) -  -1 
S A P  25 SAP 26 6 T 2  * b 
CCA GTA GGG ACG CCT GAA GAG TGT ATC GCG ATT ATC CAG CAA GAT ATT GAT GCG  ACG GGT ATT GAC M T  ATT ' K T  ' K T  GGT T T T  G A A  GCA AAC GGT TCT G M  GAA GAA ATT ATC 
pro Val gly thr  pro glu glu cys i le  a l a  i le  i le  g ln  g ln  a sp  i le  a s p  a l a  t h r  g l y  ile asp asn ile cy9 cys gly phe g1u a l a  a s 0  g l y  ser g lu  glu glu ile 11. 
1700* 
______( k 
SAP 27 S A P  28 
I+ 
* * 
GCA TCT A X  AAG CTA TTC  ffi T a  GAT GTG A X  CCA TAT CTC AAA GAA UA CPG TAATTAATATmCTAAAAGGAAGAcATG AAA TTT GGA TTA  TTC  TTC CTC MT m ATG TC 
a l a  ser met ly s  leu phe gln ser asp Val net pro   t y r  leu l y s  glu l y s   g l n  end net   lys  phe gly leu phe phe l eu   a sn  phe  m t asn 
* 1800* 
, I  
S A P  2 9 ,  30 6 31 S A P  32 
I- 
SAP 33 
FIG. 2. Nucleotide sequence of the  1.85-kb EcoRI fragment  and the encoded amino acid sequence of 
the luciferase a subunit. For the luxA and lurB structural genes (nucleotides 707-1771 and 1801-1838, 
respectively), known peptide sequences are indicated below the encoded sequence (see also Table 11). Underlined 
amino acid residues indicate those that were determined by automatic  Edman degradation of either the whole a 
or p subunit (9) or of large proteolytic fragments of the a subunit (10). Locations of peptides derived from digestion 
of the a subunit by trypsin (T) or the Staphylococcus aureus protease (SAP)  are indicated by the labeled brackets. 
Regions of sequence of peptides enclosed within brackets were not determined, and alignments are by amino acid 
composition only. All other regions were determined by Edman degradation as described in the text. Positions in 
which there was discrepancy between the amino acid sequence implied from the nucleotide sequence and  the 
protein sequence are indicated by the insertion of the ambiguous residues beneath the encoded amino acid residues. 
Residues that were not unambiguously identified in the protein sequence are indicated in the text.  In all cases, the 
discrepancies have been reconciled in favor of the nucleotide sequence. Numerous other peptides were isolated and 
sequenced, but they were  of no additional help in elucidation of the sequence and are  not shown here for the sake 
of clarity. 
synthetic oligonucleotide that was used in the original cloning each other on the basis of the sequence of the reactive thiol- 
(Ref. 7; see sequence 14 in Fig. 1). The position of the peptides containing tryptic 'peptide Phe-Gly-Ile-Cys-Arg (21). The 
SAP 3 through 14 was based on the DNA sequence, with the cleavage of bonds associated with the carboxyl side of glycyl 
exception of SAP 10 and 12 which were placed relative to residues by the  SAP enzyme  was quite evident here as well. 
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6142 Luciferase a Subunit Sequence 
TABLE 11. Amino acid compositions of thosepeptides  that were useful in confirmation of the nucleotide  sequence (see Fig. 2) 
Those peptides that were derived from the (Y subunit of luciferase by digestion with the Staphylococcus aurew protease 
The numbers in parentheses indicate the composition of the peptide predicted  from the nucleotide sequence. Numerous other 
Amino acid 
ASP 
Cys(Cm) 
Thr 
Ser 
Glu 
Pro 
Ala 
Val 
Met 
Ile 
Leu 
Phe 
His 
LYS 
Arg 
Trp 
Gly 
TY 
No. of residues 
Yield (rmol) 
,esented here. 
-4- SAP-1  SAP-2 
2.42(21 
1.60(2) 
1.08(1) 
0.82(1) 
1.10(1) 
l.Oo(1) 
0.44( 1) 
2.hO 1 0.i50 
SAP-3 
0.83(1) 
1.10(1) 
1.26(1) 
0.81(1) 
0.370 
4 
SAP-4 
).95(1) 
t.05(11 
1.99(11 
E.02(2) 
3.080 
5 
-
SAP-5  SAP-6 
0.54(0) 
O B (  1) 
1.17(1) 
1.96(2) 0.98(1) 
2.60(3) 
2.00(2) 
1.03(1) 
1.76(2) 
0.53(1) 
5 9  
2.080 0.940 
SAP-7 SAP-10  SAP-9 SAP-8 
L.03(1) 
).94(1)  1.14(1) 
2.21(2) 2.04(2) 
1.05(1) 
3.17(3)  0.22(0) 
0.93(1)  0.76(1)  0.87(2) 1.04(1) 
1.95(2) 
0.97(1)  5.01(5) 
1.88(2) 
).82(1) 
1.26(1) 
0.66(1) 
1.11(1) 1.24(1)  1.78(2) 
1.53(2) 
0.76(1) 
0.83(1) 
0.27(1) 
1.91(2) 
1.14(1) 1.06(1) 
5 
0.740 1.980 
16 5 16 
1.140 0.190 
Peptides SAP 3, SAP 5, SAP 7, SAP 8, SAP 10, SAP 12, and 
SAP 13 all resulted from cleavage of bonds associated with 
the carboxyl side of glycyl residues. 
Residues 118-143-The DNA sequence in  this region (res- 
idues 1063-1139) was determined from both  strands, clones 
5,6,  and 13. Sequence 14 (Fig. 1) was derived by priming the 
template DNA from a clone that carried the entire 1.85-kb 
EcoRI fragment with the mixture of 8 sequences used in  the 
original cloning (7). The protein sequence to which the syn- 
thetic probe was directed was Met-Asp-Cys-Trp-Tyr-Asp 
(amino acid residues 128-133 (10)). The 17-base oligonucle- 
otide was constructed to have 2 base ambiguities at positions 
6,9,  and 15, giving a  total of 8 sequences. The DNA sequence 
demonstrated that  the correct base in the ambiguous position 
in the Asp  codon  was  C,  while it was T for both Cys and  Tyr. 
The amino acid sequence in this region was determined using 
a Beckman Sequencer and the large proteolytic fragment 
generated by the action of chymotrypsin on the native lucif- 
erase; the sequence has been presented at a meeting (10). The 
residue at  position 124 was not  determined chemically; the 
DNA sequence indicated that  the residue is Ser,  consistent 
with poor recovery and difficulty in making an unambiguous 
identification with the chromatographic techniques employed. 
The residue at position 126 was erroneously identified as Lys 
in the earlier work (10). The DNA sequence unambiguously 
identified the residue as Ala. The error likely  was due to  the 
similarity of the chromatographic properties of PTH-Lys  and 
PTH-Ala under the conditions employed. The residue at 
position 135 was erroneously identified as  Phe  in  the chemical 
determination, again probably due to  the similarity in the 
chromatographic properties of PTH-Met  and  PTH-Phe.  Po- 
sition 136 was not identified in  the degradation of the protein. 
The DNA sequence indicated the sequence Met-Lys for these 
positions, consistent with the peptide SAP 15, which had the 
sequence Leu-Met-Lys-Glu. The sequence of SAP 16 was 
identical with the sequence of residues 138-141 determined 
from degradation of the proteolytic fragment of the protein 
as well as  that predicted from the DNA sequence. 
Residues 144355-The corresponding region from the 
DNA sequence (residues 1140-1771) was determined based 
on clones 7, 8,  9, 10, 11, 12, and 13. From about 1170 to base 
1259 (the PstI site  in Fig. l), the DNA sequence was of the 
- 
SAP- 1 I -
1.11(1) 
1.75(2) 
1.14(1) 
0.370 
4 
-
SAP-14 
1.19(1) 
0.96(1) 
( 
1.76(2) 
I 
1.08( 1) 
5 
0.900 
SAP-15 
1.15(1) 
0.88(1) 
1.08(1) 
0.88(1) 
4 
1.090 
-
SAP-16 
0.96(1) 
1.15(1) 
l.OO(1) 
0.89(1) 
4 
3.020 
__ 
SAP-17 
2.35(2) 
1.20(1) 
0.83(1) 
2.09(2) 
0.83(1) 
0.71(1) 
8 
1.590 
message-complementary strand (clone 13 in Fig. 1). From 
base 1196-1231, the DNA sequence was confirmed by the 
sequence of SAP 18. The sequence of SAP 18, determined by 
manual Edman degradation with the DNS-C1 technique, iden- 
tified Ala (rather  than  Pro)  at position 169 and Pro (rather 
than Ala) at position 174. The errors were probably due to 
the similarity in migration of DNS-Pro and DNS-Ala on 
polyamide sheets (20). SAP 19 was shown to  contain  a Trp 
based on absorbance spectroscopy, but of course DNS-Trp 
was not detected due to  the acid hydrolysis step. The  Trp was 
tentatively placed at  the amino-terminal end of the peptide 
since no DNS derivative was obtained from the undegraded 
peptide. The DNA sequence from 1250-1261 confirms the 
location of the sequence of SAP 19 and  the location of the 
Trp residue.  Due to the alignment of peptides SAP 18 and 19 
and  the unambiguous sequences read from the DNA sequenc- 
ing gels, we are confident that  the sequence in this region is 
correct in spite of the fact that  the sequence was derived from 
only one strand. 
The sequence from position 1259 through the end of the 
1.85-kb EcoRI fragment was determined from both  strands 
with the exception of a  stretch of -10 bases from 1403 to 
-1415, where the sequence was  exclusively from clone 8 (Fig. 
1). The alignment of SAP 20,21, and 22 (amino acid residues 
201-214; nucleotide residues 1307-1348) before this region 
and  tryptic peptide T1 (amino acid residues 238-244; nucleo- 
tide residues 1421-1438) after the region of single strand  data 
gives us confidence that  the region is correct. 
The proteolytic fragment resulting from chymotryptic 
cleavage around residue 280 (position -1250 in the DNA 
sequence) has been designated the light 6 fragment (10). 
Isolation of this fragment by SDS-gel electrophoresis and 
sequence analysis on a Beckman Sequencer led to  an erro- 
neous sequence due to contamination of the sample (10). The 
sample actually contained a mixture of two fragments, one 
beginning with residue 281 and one beginning with residue 
283. The two sequences would  be determined in the following 
order. 
I Val-Leu-Lys-~-His-Lys-Asp-Thr-Asn-Arg-Arg-Ile-Asp-Tyr- 
I1 Lys-Gly-His-Lys-Asp-Thr-Asn-Arg-Arg-Ile-Asp-Tyr-Ser-Tyr- 
Ser-Tyr-Glu-Ile-Asn-Pro-Val- 
- Glu-Ile-Asn-Pro-Val-Gly-Thr- 
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Luciferase (Y Subunit Sequence 6143 
are designated SAP, and those derived  by digestion  with  trypsin are designated T. The  compositions are presented  as molar ratios. 
peptides were isolated  and  studied,  but for clarity,  only  those that were of use in  alignment of the nucleotide sequence are 
- 
SAP-2: -
0.84( 1) 
1.09(1) 
1.07(1) 
1.00(1) 
0.450 
4 
-
- 
T-2 
__ 
SAP-23 
- 
SAP-25 
__ 
SAP-2f 
- 
SAP-27 
- 
SAP-21 
I- 
iAP-21 
L.22(1) 
__ 
L.30(1) 
).65(1) 
1.83(1) 
4 
1.080 - 
SAP-29 1AP-3C SAP-31 SAP-31 SAP-33 T-1 
(1) 
__ 
1.17(1) 
0.92(1) 
0.69(1) 
1.10(1) 
1.13(1) 
6 
0.207 
___ 
SAP-18 -4- SAP-19 SAP-2C 
L.00(1) 
).82(1) 
L.15(1) 
L.03(1) 
4 
0.140 
2.83(3) 
0.89(1) 
1.23(1) 
1.37(1) 
l.OO(1) 
0.36(0) 
0.39(1) 
0.27(0) 
2.17(2) 
(1) 
1.86(1) 
1.81(2) 
1.230 
14 
0.89(1) 
1.09(1) 
1.32(1) 
1.63(2) 
1.03(1) 
l.Os(1) 
0.97(1) 
8 
0.940 
__ 
1.09(1) 
2.99(3) 
1.04(1) 
0.86(1) 
1.02(1) 
7 
0.544 
0.91(1) 
1.27(2) 
1.21(1) 
1.75(1) 
0.54(1) 
1.00(1) 
1.18(2) 
0.89(1) 
0.79(1) 
11 
0.560 -
1.17(1) 
0.91(1) 
1.16(1) 
0.69(1) 
1.19(1) 
0.96(1) 
0.91(1) 
7 
0.480 - 
2.22(2) 
0.75(1) 
1.03(1) 
4 
0.304 
1.18(1) 
1.04(1) 
0.78(1) 
0.390 
4 
-
1.13(1) 
0.93(1) 0.98(1) 
2.07(2) 0.86(1) 
0.83(1) 
0.88(1) 
2.22(2) 
0.88(1) 
2.30(2) 
2.40(2) 
2.79(3) 
0.53(1) 
12 
0.149 
0.98(1) 
1.32(1) 
1.15(1) 
0.83(1) 
l.Oo(1) 
0.89(1) 
0.82(1) 
7 
2.600 
__ 
1.06(1) 
0.94(1) 
2 
3.560 
__ 
L.18(1) 
1.82(2) 
3 
0.570 -
1.03(1) 
0.97(1) 
0.98(1) 
1.01(1) 
1.090 
4 
__ 
I 1.20(2) 
1.& 1 2.L 
TABLE 111 111 Val-Leu-ArgGly-Asp-Thr-Asn-Thr-Asn-Ile-Asp-Ile-Asp-Tyr- 
Glu-Tyr-Glu-Ile-Asn-Pro-Val- Comparison of the amino acid composition  determined  from the 
sequence with the  exmrimentallv measured commsition (21) 
Sequence I begins with residue 281, sequence I1 begins with 
residue 283, and sequence I11 is the reported sequence of bL 
(10). Re-evaluation of the data necessitated by the lack of 
agreement with the DNA sequence demonstrated the exist- 
ence of the two sequences (I and I1 given above). The error 
was due to  the use of gas chromatography (22) and  thin-layer 
chromatography to identify the PTH derivatives and the 
differential stabilities of the various PTH derivatives. The 
sequences of SAP 25, 26, and 27, and  tryptic peptide T2 (see 
Table 11) confirm the DNA sequence and  are consistent with 
the above hypothesis explaining the earlier error (10). 
The sequence from position -1600 in the DNA sequence to 
the  end of the a subunit coding region  was largely confirmed 
by the sequences of SAP peptides 28, 29, 30, 31,  32, and 33 
(see Table I1 and Figs. 1 and 2). 
Structure of the lux Region 
Three parallel open reading frames  are seen in  the DNA 
sequence. The only complete reading frame is  that encoding 
the a subunit, from nucleotides 707-1771. It encodes a  protein 
of 355 amino acids with a calculated molecular weight of 
40,108. This agrees well with the published molecular weight 
of 42,000 (4). In addition, the composition of the encoded 
protein (Table 111) closely corresponds with the measured 
amino acid composition (21). Only 26 nucleotides separate 
the  stop codon of the luxA gene and  the beginning of the h x B  
coding region, suggesting that  the two genes are cotranscribed. 
Upstream from luxA was an incomplete reading frame of 223 
codons which had the same polarity as luxA and luxB. There 
are 34 nucleotides between the stop codon of the upstream 
open reading frame and  the beginning of the luxA structural 
gene, suggesting that this gene  may  be transcribed with both 
IuxA and luxB. 
Amino acid Encoded Measured comwsition cornDonition 
Lysine 
Histidine 
Arginine 
Aspartic  acid 
Asparagine 
Threonine 
Serine 
Glutamic  acid 
Glutamine 
Proline 
Glycine 
Alanine 
Cysteine 
Valine 
Methionine 
Isoleucine 
Leucine 
Tyrosine 
Phenylalanine 
20 
11 
13 
28 
19 
21 
17 
24 
13 
12 
26 
26 
8 
19 
9 
22 
28 
16 
17 
19.2 
~~ 
10.6 
13.4 
49.1 
22.2 
17.3 
40.4 
12.5 
27.0 
27.0 
8.6 
19.2 
8.6 
19.2 
27.9 
16.4 
17.3 
Tryptophan 6 4.8 
(7,lO). The complete sequence of the fragment, reported here, 
showed that  it contained the entire a! subunit-coding region, 
a region encoding the carboxyl-terminal 223 residues of the 
polypeptide of unknown function and  the amino-terminal 13 
codons of the B subunit. The amino-terminal coding regions 
of the luxA and luxB genes imply amino acid sequences 
identical to those of the mature polypeptides (9), demonstrat- 
ing that neither  subunit undergoes post-translational process- 
ing in  the amino-terminal region. 
Chemical modification and limited proteolysis studies with 
bacterial luciferase have shown that a highly reactive sulfhy- 
dryl group, thought to reside in or near the flavin-binding 
site, is located close to a region that is highly sensitive to 
proteases (10, 23, 24). In  the complete sequence, the reactive 
cysteinyl residue is in position 106 (Fig. 3). 
The proteolytic fragment resulting from chymotryptic 
cleavage around residue 280 has been designated the light 6 
fragment (10). We have re-evaluated the light 6 protein se- 
DISCUSSION 
The 1.85-kb EcoRI fragment described in  this paper was 
isolated from a genomic clone bank of V. harueyi DNA on the 
basis of hybridization with a mixed sequence synthetic oligo- 
nucleotide probe designed from a subunit amino acid sequence 
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FIG. 3. The complete amino acid sequence of the a subunit of luciferase from Vibrio  harueyi and  the 
predicted secondary structure of the subunit. Amino acid residues within predicted cy-helical regions are 
indicated as such, residues within predicted p sheet regions are indicated within broad arrow-like  forms, and random 
coil regions are indicated within parallel  lines. Amino acid residues found  more often on the surfaces of proteins 
are indicated by white  backgrounds and amino acid residues found more often within globular proteins are indicated 
by black backgrounds (38).- 
quence data because of a lack of agreement with the DNA 
sequence; we found that  the light 6 sample contained  a mixture 
of 2 peptides resulting from cleavage by chymotrypsin at 
residues 280 and 282, resulting in errors in the protein se- 
quence determination. The differential stabilities of the  PTH 
amino acids derived in  the sequence of the mixture account 
for the errors. 
The secondary structure of the a subunit predicted by the 
modified method (25) of Chou and  Fasman (26) is shown in 
Fig. 3. The prediction is that 34% of the residues should form 
a-helix while 12% should be in the p sheet configuration. 
These values are  consistent with the measurements of 28% 
a-helix  and 14% p sheet reported by Holzman and Baldwin 
for the dimer (27). 
Luciferase is a highly soluble protein. For a protein of 
-40,000 daltons, the a subunit has a high proportion of 
hydrophilic residues (aspartic acid, asparagine, glutamic acid, 
glutamine, lysine, and arginine). Compared with two other 
polypeptides of similar size, carboxypeptidase A (a monomer) 
and horse liver alcohol dehydrogenase (one subunit of the 
dimer), luciferase a subunit has about 25% more external 
residues (33% versus 26%). The proportion of hydrophobic 
residues (leucine, methionine, isoleucine, valine, cysteine, 
phenylalanine, and tyrosine) is about the same in all three 
examples (-34%), but luciferase a subunit  has  a lower fraction 
(33%) of “neutral” residues (alanine,  threonine, glycine, pro- 
line, serine, histidine, and  tryptophan)  than  the  other two, 
with about 40% apiece. The amino-terminal  third is the most 
nonpolar region of the subunit. From residues 49-84, 71% of 
the residues are nonpolar. There is only a single trypsin- 
sensitive bond between residues 29 and 98. A second area of 
high nonpolarity is from residues 166-199, which contains 
59% nonpolar residues. These nonpolar regions are likely to 
be either internal in the native structure or involved in 
interactions with the /3 subunit. Between these two nonpolar 
regions is a highly polar region from residues 107-153 con- 
taining 36% charged residues as well as  the reactive cysteine 
and  the first protease labile region. A second polar region, 
from residues 262-297, has 42% charged residues and  contains 
the second protease labile region. It will  be especially inter- 
esting to compare the amino acid sequences in  these regions 
with the same regions of the p subunit, since the two subunits 
appear to be  homologous (9) but have  very different functions. 
In  the nucleotide sequence, an open reading frame is seen 
upstream from luxA. The reading frame has the same polarity 
as luxA and  extends beyond the proximal EcoRI site at  the 
end of the cloned fragment. The reading frame has 223 codons 
and ends 34 nucleotides upstream from the luxA initiation 
codon. The random chance of not finding a  stop codon in a 
sequence of 223 codons is less than 0.002%, strongly suggest- 
ing that  this region encodes a polypeptide. Previous analyses 
of the proteins encoded by the 5-kb  BamHI fragment that 
encompasses the 1.85-kb fragment (6) support  this view. The 
BamHI fragment has about 1.2 kb upstream from the proxi- 
mal EcoRI site. A clone carrying the fragment synthesizes an 
M, 35,000 protein in addition to the 2 luciferase subunits. 
Deletion from the proximal BamHI  site  to  the  HindIII  site 
265 nucleotides downstream from the proximal EcoRI site 
eliminates this protein. Assuming that  the open reading frame 
upstream from ZuxA encodes the carboxyl-terminal 223 amino 
acids of this protein, the structural gene should extend about 
230 nucleotides upstream from the EcoRI site, to account for 
the observed molecular weight of 35,000. A protein with 
approximately the same mobility that is coinduced with lucif- 
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Luciferase a Subunit Sequence 6145 
TABLE IV 
Codon usage in  the luxA gene of Vibrio hurveyi 
U C A G 
U UUU  Phe 8 UCU Ser 7 UAU Tyr 6 UGU Cys 7 
UUC Phe 9 UCC Ser 1 UAC Tyr 10 UGC Cys 1 
UUA Leu 3 UCA Ser 5 UAA End 1 UGA End 0 
UUG Leu 9 UCG Ser 1 UAG End 0 UGG Trp 6 
C  UU Leu 3 CCU Pro 4 CAU His 5 CGU Arg4 
CUC Leu 3 CCC Pro 0 CAC His 6 CGC Arg 3 
CUA Leu 7 CCA Pro 5 CAA Gln 7 CGA Arg 5 
CUG Leu 3 CCG Pro 3 CAG Gln 6 CGG Arg 0 
A  AUU Ile 12 ACU Thr  7 AAU Asn 9 AGU Ser 0 
AUC Ile 10 ACC Thr 5 AAC Asn 10 AGC Ser 3 
AUA Ile 0 ACA Thr  5 AAA Lys 14 AGA Arg 1 
AUG Met 9 ACG Thr  4 AAG Lys 6 AGG Arg 0 
G GUU Val 6 GCU Ala 4 GAU Asp 14 GGU Gly  12 
GUC Val 5 GCC Ala 5 GAC Asp 18 GGC Gly 9 
GUA Val 3 GCA Ala 8 GAA Glu 18 GGA Gly 2 
GUG Val 5 GCG Ala 9 GAG Glu 6 GGG Gly 3 
erase  has been found in V.  harveyi (6, 28). No function  has 
been ascribed to  this protein. 
Three  areas of similar nucleotide sequence suggesting ho- 
mology have been noted preceding the luxA and luxB struc- 
tural genes (7). Two of these  areas  not only have  homology 
with each other but also have homology in sequence and 
location with RNA polymerase recognition sequences (-10 
and -35 sequences). The complete nucleotide sequence shows 
that  the homology with -10 is contained in the intergenic 
regions preceding both genes. Perhaps surprisingly the ho- 
mology with the -35-like sequence preceding luxB is con- 
tained within the carboxyl-terminal coding region of luxA 
while the corresponding region before luxA is in the carboxyl- 
terminal coding region of the upstream gene. The DNA se- 
quence information is the only evidence suggesting that these 
sequences could function as promoters. Furthermore,  al- 
though cloned genes from V.  harveyi can complement muta- 
tions in Escherichia coli (29)' there is no evidence indicating 
that  the native promoters are present and/or functional in 
the clones. Thus,  it is not known if promoters in V.  harveyi 
are at all similar to those seen in E.  coli. Finally, if the lux 
genes are cotranscribed, as  they appear to be in Vibrio  fischeri 
(30), these sequences must have a function other than as 
promoters, or  perhaps  they  are secondary promoters which 
function only under special conditions. 
A third region of homology that has been noted preceding 
the 2 luciferase structural genes is the ribosome-binding site 
(31, 32). The luciferase subunits are required in equimolar 
amounts,  and free a or (3 subunits  are  not found in wild-type 
V.  harveyi cells (33). In some systems in which functionally 
related proteins  are required in equal amounts, stoichiometric 
synthesis is achieved by translational coupling (34, 35). In 
these cases, the 2 genes are  adjacent, cotranscribed, and  the 
stop codon of the proximal gene is closely followed by the 
initiation codon of the distal gene. The second gene typically 
has no ribosome-binding site preceding it,  and ribosomes do 
not discharge at  the end of the first gene. If cotranscription 
is assumed, on the basis of structural considerations, classical 
translational coupling is not  operating in translation of the 
lux genes; ribosome-binding sites precede both genes, and 26 
nucleotides separate the genes. It is tempting to speculate 
that  the sequence conservation seen between the 2 ribosome- 
* C. Bieger, personal communication. 
binding sites results in identical rates of translational  initia- 
tion, resulting in  synthesis of equal amounts of each subunit. 
The codon  usage of the luxA gene of V.  harveyi, presented 
in Table IV, shows a bias in codon selection, as does E. coli 
and  all  other organisms for which  genes  have  been sequenced 
(36). Parker et al. (37) have shown a relationship between 
codon  usage and  translational fidelity and suggest that codons 
are selected in order to reduce third position misreading. In 
codon groups where the  third position misreading would result 
in amino acid substitution, G or C is preferred in the  third 
position. luxA does not follow the rule. The codons for  Asn, 
Gln, His, and  Phe show no bias while the codons for Lys show 
a preference for A over G. The lack of codon bias in these 
groups suggests that either luxA is not representative of codon 
usage in V. hurveyi or that  the parameters dictating codon 
usage in V.  harveyi are significantly different from those 
dictating codon  usage in  other organisms such as E. coli. Until 
more is known about V. hurveyi tRNAs,  it will  be difficult to 
determine what pressures have been at work in codon  selec- 
tion. 
The sequence of the luxA  gene and  its surrounding DNA 
sequences indicates that  the genes of Vibrio  harveyi are not 
radically different from those of other bacteria. Information 
on the fine structure of the luxA region suggests that  the 
luciferase genes are cotranscribed and that they are in an 
operon with at least one additional gene. Recent work by 
Engebrecht and Silverman (30) indicates that  the lux gene 
family in V.  fischeri is composed of two operons comprising 7 
distinct complementation groups, the two luciferase subunits, 
three polypeptides involved in aldehyde metabolism, and two 
genes  involved in regulation of the expression of biolumines- 
cence. 
The amino acid sequence of the a subunit has allowed 
insight into  the structure  and function of the enzyme, sup- 
porting the biochemical data. The sequence of the luxB gene 
should expand our understanding  further  and  perhaps indi- 
cate the manner in  which the two subunits  interact. It will 
also be important to define the limits of the operon and 
identify the functions of the additional genes in V.  hurueyi, 
for which there  is such a wealth of biochemical data,  as has 
been accomplished for V.  fischeri (30). 
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